A eukaryotic chromosome relies on the function of multiple spatially distributed DNA replication origins for its stable inheritance. 2 The location of an origin is determined by the chromosomal position of an MCM complex, the inactive form of the DNA 3 replicative helicase that is assembled on chromosomal DNA in G1-phase (a.k.a. origin licensing). While the biochemistry 4 of origin licensing is understood, the mechanisms that promote an adequate spatial distribution of MCM complexes across 5 chromosomes are not. We have elucidated a role for the Sir2 histone deacetylase in establishing the normal distribution of 6 MCM complexes across Saccharomyces cerevisiae chromosomes. In the absence of Sir2, MCM complexes accumulated within 7 both early-replicating euchromatin and telomeric heterochromatin, and replication activity within these regions was enhanced. 8 Concomitantly, the duplication of several regions of late-replicating euchromatin were delayed. Thus, Sir2-mediated attenuation 9 of origin licensing established the normal spatial distribution of origins across yeast chromosomes required for normal genome 10 duplication.
with the highest probability of acting are depicted by black vertical lines. These origins are efficient, meaning that they act in most cell cycles. Less efficient origins are depicted in gray, and dotted lines depict the least efficient origins. An inefficient origin is used in only a small fraction of cell cycles. The origins that exist within telomeres are colored red. Telomeres are packaged into Sir2-heterochromatin that represses origin activity (29).
We used genome-wide mapping of MCM binding to show that Sir2 promotes a more equitable distribution 62 of origin licensing between early-and late-euchromatic and telomeric-X origins. In SIR2 cells, these three A. The relationship between Sir2-responsiveness and an origin's replication time was determined (21). An origin's Sir2-responsiveness is the ratio of its MCM signal in cdc6-4 sir2Δ compared to sir2 Δ cells. Sir2responsive origins were parsed into quintiles, with the first (Low), third (Mid) and fifth (High) quintiles producing median Sir2-reponsive values of 0.4, 0.7, and 1.0, respectively (24). Euchromatic origins that generated a Trep value in (21) were parsed into quintiles from earliest replicated in S-phase (Early) to latest (Late). Hypergeometric distribution was used to compare the enrichments (+) or depletions (-) within each Sir2-responsive group relative to 'All' origins. The P-values are indicated (+/-P<0.05; ++/-P<0.01). B. Determining nucleotide-resolution multi-origin distribution of MCM signals generated within origin cohorts ( Figure S1 ). The MCM signal associated with a given nucleotide was the median value derived from three biological replicates. To derive the the MCM distribution for the origins within a given cohort, the per nucleotide quartile distribution of MCM signal for all origins in that cohort was determined, plotting the median (dots) and flanking quartiles (shaded coloring). C. MCM-signal distributions for wild type (CDC6 SIR2 ), cdc6-4, and cdc6-4 sir2 Δ were determined for each of the indicated Trep groups. The number at the left corner of the box (dotted lines) is the ratio for median MCM signals in cdc6-4 sir2 Δ to that in CDC6 SIR2 at each nucleotide summed between -100 through +150.
Sir2-chromatin marks were higher at early compared to late euchromatic origins.
95
Molecular hallmarks of Sir2 heterochromatin, Sir2-dependent depletion of H4K16ac and Sir3 binding to nu-96 cleosomes, are present at euchromatic origins (24). Therefore, we asked whether early-and late-euchromatic 97 origin cohorts showed differences in the levels of these molecular signatures ( H4K16ac as well as Sir3 binding, the early-origin cohort showed greater levels of these marks compared to 100 the late-origin cohort. The difference was most pronounced at the -1 and +1 nucleosomes flanking the ORC 101 site. Thus the origin cohorts' levels of Sir2-chromatin marks correlated with their Sir2-reponsiveness. Figure 2C for the indicated origins in congenic SIR2 CDC6 and sir2Δ CDC6 cells. B. Same analyses as in A, except data for the nine telomeric-X origins also shown. C. Magnified view of the median values between nucleotides -10 and +100 for the early-and late-euchromatic origin cohorts in A. D. Median signals between nucleotides -10 and +100 were summed to generate an MCM area for each origin. Z-scores were then assigned to each origin and displayed in box-and-whiskers plots for each indicated cohort. The P-values (Wilcoxon rank sum test) for the difference between the early-and late-origin cohorts' median MCM Z-scores are indicated. E. Analysis as in D but with exclusion of inefficient origins (17).
To more easily quantify differences between origin cohorts, the MCM signals between the -10 and +100 122 nucleotides for each of the fragments were summed, and the sums used to assign each origin a Z-score to 123 indicate how far the MCM signal for that origin diverged from the mean behavior of the entire collection of 124 origin fragments (the mean is defined as '0'). The Z-scores for each cohort were displayed in box-and-whiskers 125 plots ( Figure 4D ). In SIR2 cells, each of the origin cohorts generated similar MCM signals, indicating that 126 MCM complexes were equitably distributed among these cohorts. In contrast, in sir2 Δ cells, the median 127 Z-score of the early-origin cohort rose above the mean score in the population, while the median Z-score for 128 the late-origin cohort fell below the mean, such that the difference between the MCM signals generated by 129 the early-and late-euchromatic origin cohorts was clear and significant. The telomeric-X origin cohort also 130 generated higher MCM Z-scores in sir2 Δ cells compared to the late-euchromatic origin cohort. Thus, in 131 the absence of Sir2, MCM complexes were more efficiently distributed to early-and mid-euchromatic and 132 telomeric-X origins compared to late euchromatic origins. The Sir2-controlled rDNA origin did not show 133 enhanced MCM association in sir2 Δ cells, suggesting that MCM complex loading efficiency of the rDNA 134 origin is not affected by Sir2, as reported previously ( Figure S3 ) (35).
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Some of the origins within each of these cohorts act in only a small fraction of cell cycles, possibly because 136 they are licensed inefficiently (17). To focus on only those origins that were most likely to be licensed, we 137 repeated the analysis using only those origins within each cohort that generated a measurable origin-efficiency origins functioned normally in cdc6-4 cells even when these cells were cultured at permissive temperature, 153 and the SIR2 genotype did not affect origin preference. Notably, Sir2 did not alter the origins that remained 154 the most functional when MCM complex loading was compromised by cdc6-4. Telomeric-X replicons also shown. B. As in A except with replicons parsed by euchromatic origins' assigned Sir2-responsiveness. (24). C. Assigning Sort-Seq Z-scores to distinct 1001 bp origin fragments. D. Euchromatic origins parsed into ten distinct cohorts by their Trep values. Z-scores are plotted from the earliest 10% (10 th ) to the latest 10% (100 th ) decile in SIR2 and sir2Δ cells. Telomeric-X origin Z-scores are also plotted. The Wilcoxon rank sum P-values for the differences between the 50th and 60th and 70th cohorts are indicated with **< 0.01 and ***<0.001.
To enhance comparison of the relevant origin cohorts, Sort-Seq values were assigned to 30 kb replicons, the 156 replicons parsed into cohorts by their origins' replication times (Treps) or Sir2-responsiveness, and the data Figure 6 : SIR2 was required for completing replication of late euchromatic regions independent of rDNA replication demands. A. Z-scores for the indicated origins from S-phase and early G2-phase SIR2 and sir2Δ cells derived from raw data in (35) were determined as in Figure 5C and displayed as box-and-whiskers plots for early-, mid-, and late-euchromatic origins, and telomeric-X origins. B.
Analyses as in 6A except with data from sir2Δ r-origin* mutant. C. Two-dimensional origin mapping of ORI922 in indicated strains (left panel). Quantitation of these data (right panel). Radioactive intensities for each indicated region were normalized by dividing signals by that generated by the largest replication forks ( Figure S7 ). D. Sir2 controls the relative replication probability of the three indicated origin cohorts at the level of origin licensing efficiency (probability of MCM complex loading) and S-phase origin activation (probability of MCM complex activation). While these two steps are distinct, because the MCM complex is the substrate for the S-phase origin activation factors, alterations in MCM complex loading efficiencies in turn affect the ability of the cohorts to compete for limiting S-phase origin activation factors.
Sir2 can indirectly affect early euchromatic origins via its direct repression of the rDNA origin that 212 is present in hundreds of copies within the yeast rDNA repeat array (30). Specifically, in sir2 Δ cells, 
